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Multicolor ªDiOlisticº Labeling Neurotechnique
of the Nervous System Using
Lipophilic Dye Combinations
in labeling neurons with GFP. These newer techniques
provide the kind of resolution obtained with the Golgi
technique but can be used in living material.
Current vital labeling techniques, however, have sev-
eral limitations. First, it is difficult to label individual
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neurons differentially in complex neuronal networks. Al-Research Center
though lipophilic carbocyanine dyes come in many col-Washington University School of Medicine
ors, they are typically applied to the neuronal tissue inSt. Louis, Missouri 63110
ways that label many individual cells the same color
(e.g., O'Rourke et al., 1994; Wu and Cline, 1998). Al-
though these dyes can be applied with sharp electrodes
Summary to label individual axons, this approach is technically
tedious and only a small number of cells can be labeled
We describe a technique for rapid labeling of a large at any one time (Gan and Macagno, 1995; Gan and
Lichtman, 1998, Gan et al., 1999). Attempts have beennumber of cells in the nervous system with many differ-
made to circumvent this limitation by sprinkling dyeent colors. By delivering lipophilic dye-coated particles
crystals on neuronal preparations (Cline et al., 2000).to neuronal preparations with a ªgene gun,º individual
However, this approach is highly variable because dyeneurons and glia whose membranes are contacted by
crystal size, density, and penetration are difficult to con-the particles are quickly labeled. Using particles that
trol. On the other hand, use of plasmids encoding theare each coated with different combinations of various
GFP transgene or one of the many GFP variants resultslipophilic dyes, many cells within a complex neuronal
in excellent single-cell labeling. This approach is helpednetwork can be simultaneously labeled with a wide
by the use of the gene gun, which propels plasmid-variety of colors. This approach is most effective in
coated beads into the tissue (biolistic labeling) (Lo etliving material but also labels previously fixed material.
al., 1994). When these beads enter cell bodies, theyIn living material, labeled neurons continue to show
can cause gene expression. GFP expression, however,
normal synaptic responses and undergo dendritic re- usually takes more than 6 hr after gene transfection in
modeling. This technique is thus useful for studying cell culture and brain slices. This waiting period may
structural plasticity of neuronal circuits in living prepa- limit many structural and functional studies, as there
rations. In addition, the Golgi-like labeling of neurons may be considerable structural changes during the first
with many different colors provides a novel way to few hours after preparing brain slices (Kirov et al., 1999).
study neuronal connectivity. In addition, because only cells that have a gene-coated
particle in or near their nucleus can be labeled, it is
difficult to get high-density labeling without showeringIntroduction
the tissue with so many particles that the tissue is
damaged.Beginning a century ago with the Golgi stain and ex-
Here, we describe a technique that allows rapid andtending into the present, neuronal labeling techniques
differential labeling of cells in various neuronal tissueshave played a central role in neurobiology. One area of
by means of particle-mediated ballistic delivery of lipo-progress concerns the use of fluorescence techniques
philic dyes such as DiO, DiI, and DiD (ªDiOlisticº label-to study living neural preparations. Fluorescent dyes
ing). By coating beads with various mixtures of dyes,that vitally label organelles concentrated in synapses
individual neurons in living or fixed tissue can be labeled(Magrassi et al., 1987) or that mark synapses due to the
rapidly by many different colors at low or very highrecycling of vesicles (Lichtman et al., 1985; Betz et al.,
densities. The multicolor labeling facilitates the optical1992) have provided a means to study dynamic aspects
separation of adjacent cells. Thus, this technique pro-of neuronal connections. One useful approach to label
vides a useful means for studying interconnections ofa neuron in its entirety has been to use lipophilic carbo-
neurons.cyanine dyes. These dyes are maintained within the cell
membrane and can be imaged for long periods without
Resultsobvious cytotoxicity (Honig and Hume, 1986; Liu and
Westerfield, 1990). More recently, expression of green
Tungsten or gold particles (0.6±1.7 mm) coated with lipo-fluorescent protein (GFP) and its variants has been used
philic dyes were shot into neuronal tissues with a biolis-to label neurons in transgenic animals (e.g., Chalfie et al.,
tic approach similar to that used for gene transfections1994; van den Pol and Ghosh, 1998). Particle-mediated
(Lo et al., 1994; also see Experimental Procedures). Ingene transfer and viral transfection techniques (Lo et
order to prevent clusters of dye-coated particles fromal., 1994; Vasquez et al., 1998) have also been successful
landing on the preparation, membrane filters (cell culture
inserts, Falcon; see Experimental Procedures) with 3³ To whom correspondence should be addressed (e-mail: jeff@
mm pore size and 8.0 3 105 pores/cm2 were interposedthalamus.wustl.edu and gan@saturn.med.nyu.edu).
between the ªgene gunº and the target tissue. The mem-§ These authors contributed equally to this work.
brane filters also appeared to protect the tissue fromk Present address: Molecular Neurobiology Program, Skirball Insti-
the shock wave generated by the gun at high pressure.tute, New York University School of Medicine, New York, New York
10016. In living tissues, neuronal dendritic trees and glial cells
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Figure 1. Multicolor Labeling of Cortical Neurons with Lipophilic Dye±Coated Particles
(Left) Cortical neurons from seven different P10 mouse brain slices. Each panel shows a cell labeled by a single particle with a different dye
or dye combination by the ballistic method.
(Right) High-magnification image of a fixed brain slice from a P20 mouse that was shot with a combination of the seven different particle
types (see Experimental Procedures). The image represents a collapsed view of 132 confocal planes covering z50 mm of depth. Many of the
cells had processes that extended beyond the upper or lower surface of the slice and hence have dendritic or axonal branches that end
abruptly. Scale bar: 25 mm.
appeared fully labeled almost immediately (,5 min) after up to 400 mm from the labeling site were visible. Similar
labeling rates were also observed in living brain slicesparticles contacted the tissue (Figures 1 and 2). Labeled
dendritic arbors and axons of passage could be followed from adult mice. These observations give an apparent
diffusion coefficient of about 107 cm2/s. To compare thefor hundreds of micrometers. In order to determine the
speed of labeling, P20 live retinal explants were shot speed of labeling in fixed tissues, we used dissociated
hippocampal neurons in culture and paraformaldehyde-with dye-coated particles and imaged at various inter-
vals at room temperature. Two minutes after particle fixed retinal explants. In both cases the speed of dye
diffusion was severalfold slower, and it appeared thatdelivery, multiple cell bodies and almost complete den-
dritic labeling were apparent. At 5 min, complete den- the diffusion time was slower in proportion to the
strength and time of fixation. Presumably, the rapid la-dritic labeling was seen. At 10±15 min, we observed
well-labeled axons entering the optic nerve, 150±200 beling of living cells is due to fast dye transfer from
particles to cell membranes and quick dye diffusionmm away from the initial labeling site. At 1.5 hr, axons
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restricted to the plane of the membrane. It is also possi- however, seven colors already provide far more informa-
tion than we can easily analyze.ble in living tissue that the dyes are actively transported
Figure 1 (right) shows individual neurons labeled inalong nerve processes.
different colors in a fixed cortical brain slice by loadingTypically, we observed only one dye-coated particle
the gene gun with a mixture of particles coated withjuxtaposed to the cell membrane of the soma, or a
seven different combinations of dyes (see Experimentalbranch of the dendritic or axonal arbor of a labeled cell,
Procedures). At high magnification neurons and theirindicating that cell labeling does not depend on the
processes, including dendritic spines, appeared com-location of the particle, in contrast to the requirement
pletely labeled. Although the labeling density was veryfor perinuclear labeling with gene-coated particles (Lo
high, the processes were easily distinguished from eachet al., 1994).
other due to the variety of colors.To explore the possibility of labeling neighboring neu-
Multicolor labeling also enabled us to simultaneouslyrons with different colors, we tested the appearance of
image pre- and postsynaptic components of developingneuronal preparations labeled with particles coated with
and mature circuits (Figure 2). Figure 2A shows photore-various individual lipophilic dyes and dye combinations.
ceptors and their postsynaptic targets, bipolar cells,Using three excitation wavelengths (488 nm, 568 nm,
labeled with different colors in a living retinal slice prepa-and 647 nm krypton-argon laser lines) and appropriate
ration. One application where this technique provides abarrier filters (522 nm, 590 nm, and 680 nm, respectively),
substantive improvement is labeling neurons in the livingcells labeled with DiI-, DiO-, and DiD-coated beads were
retina (Figure 2B). The retina, like other regions of thecompletely distinguishable, with no cross-talk between
CNS, comprises a large number of cell types that arethe detected fluorescence with confocal laser scanning.
densely packed within a small region, making it difficultUsing these three excitation/emission profiles as the red
to isolate morphologically distinct classes by conven-(for DiI), green (for DiO), and blue (for DiD) channels,
tional dye-labeling methods. The large number of label-respectively, of full color (24-bit) images, we could then
ing colors provided by DiOlistics increases the chanceevaluate the emission spectra of neurons labeled with
of unambiguously labeling synaptic partners.particles that were coated with various combinations of
Examples of putative contacts between pre- and post-the three lipophilic dyes (Figure 1, left). For example,
synaptic processes of cortical neurons are shown inwhen we bombarded tissue with particles coated with
Figures 2C and 2D. It was also possible to label corticalboth DiO (green) and DiI (red), the labeled neurons ap-
neurons in vivo by delivering the particles through apeared yellow or orange. Cells labeled with beads
small hole in the cranium (Figure 2E). The compositioncoated with DiI and DiD were detected in the red and
and morphologies of cells in the fetal brain could alsoblue channels and appeared purple. Cells that were con-
be rapidly assessed (Figure 2F). Fixed brain sectionstacted by beads coated with an equal mixture of DiO
obtained from human autopsy material (in this case, anand DiD were detected in the green and blue channels
elderly individual) were also well labeled (Figure 2G).and appeared cyan (Figure 1, left). Furthermore, when
We were able to completely label the dendritic arbor ofparticles were coated with equal concentrations of DiI,
individual cells such as Purkinje cells in the cerebellumDiO, and DiD, we found that many neurons were strongly
of the mouse (Figure 2H). Cell types other than neuronslabeled in all three channels and hence appeared white
were also labeled; Figure 2I shows a completely labeled(Figure 1, left).
astrocyte.We also found that particles coated with other combi-
This technique may also be of benefit in cultures ofnations of the three dyes (e.g., 2 parts DiI:1 part DiO:1
dissociated neurons where labeling is rapid and com-part DiD) gave yet other colors, suggesting that a large
plete (Figures 2J±2K); contacts between neurons werenumber of different colors could be obtained. Given
easily distinguishable at high magnification (Figure 2J).three fluorophores whose emission is nonoverlapping,
Taken together, these examples indicate that multicolor
the total number of potential dye combinations that can labeling can be used in preparations ranging from iso-
be distinguished is limited by several factors. First, the lated neurons in culture to the living brain.
number of shades of each color that is acquired sets As already mentioned, we found that the technique
an upper limit to the total number of colors. In these labels live tissue more rapidly than fixed material. In
studies, we acquired three 8-bit images and obtained a addition, the quality of labeling seemed to be better in
24-bit color composite image that can have 16.7 million living tissue in that there was less evidence of dye
colors. In practice, however, we found that the number spread between cells or nearby axons, which was some-
of differently colored labeled neurons that can be distin- times seen in fixed tissue. Moreover, for the same parti-
guished is far smaller. The number is limited in part by cle density, fewer cells are labeled in fixed tissue. Pre-
the fact that the intensity of the membrane labeling is sumably, this decreased labeling is due to slower dye
not uniform but decreases in proportion to the distance diffusion and less deep penetration of particles in fixed
from the location of particle contact. Because each of tissue. In fact in fixed tissue, after 24 hr, many more
the three dyes has a slightly different mobility in mem- labeled cells and axons were observed than earlier. Also,
brane, the loss of intensity with distance is different for the labeling efficiency of axons decreased with age,
each of the three dyes. As a result, the ªcolorº of a presumably as a result of increased myelination, which
labeled neuron is not the same 24-bit value throughout slowed the spread of the dye. We found the labeling
the extent of the cell. Rather, the cell's spectral range efficiency to be variable and dependent on multiple fac-
in a 24-bit color domain is a band of related colors (e.g., tors such as bullet particle density, filter pore density,
shades of purple). In this study we used a conservative, gun pressure, and distance from the tissue. To obtain
easily distinguished set of seven different dye combina- a density of 500±800 labeled cells/mm2 in cortex, deliv-
tions in which each combination contained a different ery of z4000 particles/mm2 was required. This was ac-
set of dyes. Altering the proportions of dyes in mixtures complished by shooting the tissue twice at 120 psi
through the membrane filter. Because the tissue can beshould give additional colors that are distinguishable;
Neuron
222
Figure 2. DiOlistic Labeling of Brain Structures and Circuits
(A) Photoreceptors (red and magenta cells) and bipolar cells (yellow and light blue cells) from a living slice preparation of a 3-week-old mouse
retina. Putative contact between the terminals of photoreceptors and dendrites of bipolar cells are indicated by the arrow.
(B) Retinal ganglion cells in a live retinal explant (P8 mouse). Note the close proximity of some of the dendritic branches of neighboring cells.
(C±D) Putative axodendritic synapses (arrows) in fixed mouse brain slices (P7 and P21, respectively). Each image is a maximum intensity
projection of a short stack of confocal images. Putative contacts were identified by their close proximity in 3D rotations of the image stacks.
(E) Cortical neuron labeled in a living P10 mouse and imaged through a craniotomy opening.
(F) Fetal (E14) brain labeled by shooting at the cortical surface prior to sectioning. This method of labeling shows a variety of cellular
morphologies in the ventricular and marginal zone/preplate. In addition, axonal processes were labeled in the intermediate zone.
(G) Fixed, postmortem human brain slice shows a labeled cortical neuron. Note also the large amount of autofluorescent material in this tissue
sample from a 90-year-old subject.
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Figure 3. Dye-Labeled Retinal Ganglion Cells (E13 Chick Retina) Were Spontaneously Active and Responded to Glutamate
(A) Two-photon image of fura-2-labeled ganglion cell layer (775 nm excitation, 522 nm emission).
(B) Three cells were labeled in this field after particle-mediated delivery of DiI.
(C) Responses of cells 1 (DiI labeled) and 2 (unlabeled) to application of glutamate (100 mM) as assessed by calcium imaging.
(D) Time-lapse confocal images showing structural changes in a dendritic process of an E12 chick retina ganglion cell.
(E) The behaviors of small processes 1 and 2 over time are plotted.
shot more than twice, the density of labeling can be complete, allowing the entire dendritic arbor of neurons
to be visualized within minutes after dye-coated parti-increased beyond what is shown in Figure 1 (right) (see
Experimental Procedures). cles contact the cell membrane. Axonal labeling over
extensive distances takes longer but also occurs. Thus,While multicolor labeling of adjacent neurons provides
a rapid assessment of the structure of cells, the ability compared to the GFP labeling techniques, which require
many hours for GFP to be expressed in transfectedto label living neurons within a minute or two provides
a means for identifying and therefore preselecting cells cells (Lo et al., 1994), the DiOlistic technique permits
immediate study of neuronal tissues as soon as thefor physiological recordings. The labeling does not seem
to be deleterious to neuronal function. As shown in Fig- preparation is made. Such rapid labeling is especially
useful in studying neuronal tissues such as brain slicesures 3A and 3B, with this labeling technique it is possible
to compare the physiological responses of labeled and that often deteriorate quickly. Furthermore, many physi-
ological studies would benefit from an ability to rapidlyunlabeled cells in the retina using calcium imaging. It
was evident that dye labeling did not disrupt either the label neurons and their processes prior to recording.
This may be particularly useful when attempting to re-spontaneous or evoked activity in the dye-labeled cells
(Figure 3C). Furthermore, dye labeling did not disrupt cord from selected parts of the neuron such as from the
apical or basal dendrites (Yuste and Tank, 1996).dynamic changes in dendritic structure, which were
qualitatively similar to those observed in GFP-express- Second, the labeling technique involves only passive
ing cells of the same age (Figures 3D±3E; see Wong and dye transfer and diffusion that is independent of gene
Wong, 2000). transcription and protein synthesis. Thus, all types of
neurons or glial cells can be labeled nonselectively in
both fixed and living tissues, whereas the GFP labelingDiscussion
technique labels only those living cells that will express
the GFP transgene, which is under the control of a spe-The technique described here allows rapid multicolor
cific promotor. A further advantage of dye labeling islabeling of individual cells in both fixed and living neu-
that individual axons of passage can also be labeledronal preparations. It provides several advantages when
without the necessity of the particles reaching the cellcompared to other labeling techniques presently in use.
First, the labeling of individual cells is rapid and usually body as required with gene transfection techniques.
(H) Mouse Purkinje cell labeled in a fixed cerebellar slice (P21 mouse).
(I) An astrocyte labeled in a fixed adult mouse brain slice.
(J) Two different colored (yellow-gold and blue-cyan; see arrows) processes contacting the cell body and primary dendrites of a hippocampal
neuron (green) in culture.
(K) Low-power image of labeled dissociated hippocampal neurons in culture. Note the large number of overlapping processes.
Scale bars: 10 mm (A, B, E, I, and J); 5 mm (C); 2 mm (D); 25 mm (F and H); 15 mm (G); 50 mm (K).
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Third, unlike GFP, lipophilic dyes can be photoconverted to transgenic labeling methods by providing a straight-
forward way of getting pre- and postsynaptic cellularrelatively easily for subsequent electron microscopy
(Gan et al., 1999). partners labeled differently.
Fourth, and perhaps most importantly, through the
Experimental Proceduresuse of various combinations of carbocyanine dyes, adja-
cent neurons can be labeled in different colors. Com-
Preparationsbined with high-density labeling, this multicolor feature
Neonatal CF-B mice were obtained from a breeding colony (Harlan/is potentially useful for studying neuronal connections
Sprague-Dawley) maintained in our animal care facility. The date
in complicated neuronal networks. Because dynamic of birth was designated postnatal day 0 (P0). Mouse pups were
changes in processes continue to occur after dye label- anesthetized with 0.2 ml sodium pentobarbital and then perfused
ing, multicolor labeling potentially allows visualization with 4% paraformaldehyde. Brains were removed and postfixed in
of the interactions of pre- and postsynaptic compo- 4% paraformaldehyde for 1 hr and then sectioned with a vibratome
(200±300 mm thick).nents. In addition, neurons that appear to contact each
For labeling in living animals, neonatal mice at P6 were anesthe-other could be simultaneously targeted for electrophysi-
tized by chilling in ice until movement ceased. The skull was exposedology in order to study their synaptic interactions.
by a midline skin incision. A craniotomy was performed to exposeAlthough the DiOlistic technique provides several ad-
a small window (z3 mm in diameter) over the parietal cortex, andvantages over existing vital labeling methods, it is less
the dura in this region was removed. After delivering dye-coated
advantageous in certain situations. For example, neu- particles through the small window, the animal was anesthetized
rons labeled with the carbocyanine dyes appear to with 0.2 ml sodium pentobarbital and then perfused with 4% para-
bleach faster and are more susceptible to light damage formaldehyde.
compared to neurons labeled with GFP. To circumvent Neuronal cultures were prepared by dissociation of the lateral
cortex or hippocampus as previously described (Craig et al., 1993;this problem, multiphoton microscopy could be a future
Rose et al., 1993) and fixed with 4% paraformaldehyde prior tosolution; however, imaging cells labeled with multiple
labeling. Retinal slices were prepared as previously described (Luka-dye combinations would require the selection of a set of
siewicz and Wong, 1997).dyes that are efficiently excited at the available infrared
Human brain tissue was obtained from an autopsy specimen fixedwavelengths. Moreover, it is at present cumbersome to
for 48 hr in 4% paraformaldehyde and sectioned on a vibratome
rapidly switch exciting wavelengths on most tunable prior to labeling.
mode-locked lasers, making the production of three- Fetal mouse brains (E14) were removed, dissected, and fixed with
dimensional data stacks at three different exciting wave- 4% paraformaldehyde. To label a distinct population of early cortical
lengths difficult. Newer lasers may overcome this prob- cells whose processes terminate at the pial surface, the particles
were delivered to the pia and allowed to retrogradely label the celllem in the near future.
bodies prior to vibratome sectioning.Another disadvantage is that dye-coated particles can
reside between cells and label more than one cell or
Coating Particles with Lipophilic Dyesaxon of passage with the same color, sometimes making
Stock solutions were prepared for each dye by dissolving 20 mg ofit difficult to resolve the cellular identity of the labeled
DiI, DiO, or DiD (Molecular Probes, catalog numbers D-282, D-275,processes. We have found this to occur in fixed tissue
and D-307) in 200 ml methylene chloride. Various volumetric propor-
more than in living material. The efficiency of labeling tions of different dyes were mixed to make seven different combina-
also varies and is age dependent, being most effective tions as follows: (1) DiI, (2) DiO, (3) DiD, (4) 1 DiI:1 DiO, (5) 1 DiI:1DiD,
in cortical slices from animals younger than 3 weeks of (6) 1 DiO:1 DiD, and (7) 1 DiI:1 DiO:1 DiD. The final concentration of
postnatal age. As myelination increases with age, the each combination was 3 mg of dye in 100 ml methylene chloride.
A small amount (50 mg) of tungsten particles (0.6±1.7 mm diameter,labeling of axons in some adult neurons appears less
Bio-Rad) was spread evenly on a glass slide (we found that thesecomplete. However, the alternate approach of using par-
beads were as effective as gold particles and substantially lessticles coated with the gene for GFP is completely unsuc-
expensive). Each dye solution (100 ml) was added to the particlescessful in many parts of the adult nervous system.
on the glass slides. As methylene chloride evaporated quickly, eachTransgenic mice expressing fluorescent proteins in dye combination precipitated onto the tungsten particles. The dye-
neurons are now becoming available. Eventually such coated particles were resuspended in 3 ml of distilled water and
mice may express three or perhaps more spectral vari- sonicated for 5 min to prevent the formation of large clusters of
ants of GFP in different subsets of neurons. Such color particles. The ªbulletsº were prepared with particles of individual
colors or a mixture of different color particles. This was done byvariants, however, will be limited to neuronal popula-
injecting the sonicated solutions into plastic tubing (Bio-Rad catalogtions that happen to express GFP under control of spe-
number 165±2441). The dye-coated particles were then allowed tocific promoters at a given postnatal age. Combining
precipitate and settle onto the tube wall for 5±15 min (dependingthe DiOlistic technique with transgenic mice expressing
on the desired density) before slowly withdrawing the remainingfluorescent proteins in specific neuronal populations
liquid. The particle-coated tube was then air dried, cut into 13 mm
may be a very powerful approach for studying neuronal pieces, and stored at room temperature for future use.
circuits in vivo. In addition, of course, DiOlistics is valu-
able for studies in organisms other than mice (such as Delivery of Particles
human material) where the transgenic approach may Dye-coated particles were delivered to the preparation using a com-
mercially available biolistic device ªgene gunº (Bio-Rad, Helios Genenot be possible.
Gun System, catalog number 165±2431). A membrane filter with aIn summary, DiOlistic labeling using carbocyanine
3 mm pore size and 8.0 3 105 pores/cm2 density (Falcon cell culturedyes provides a rapid and efficient approach to vitally
inserts, number 3096; Becton Dickinson Labware) was inserted be-label many cells in a variety of neuronal preparations,
tween the gene gun and the preparation to prevent clusters of largeranging from embryonic tissue to adult postmortem hu-
particles from landing on the tissue. Density of labeling was con-
man brain. This approach should be useful in studying trolled by using various gas pressures (60±120 psi helium gas) or
neuronal structure, synaptic connectivity, and plasticity by changing the distance between the gun and the preparation (5±15
in the nervous system. Given its ability to label nearby mm). Lower gas pressures and larger distance between the gun and
the tissue lead to lower labeling densities. The most reliable way ofcells with different colors, it may provide a useful adjunct
Neurotechnique
225
controlling the density of labeling appeared to be the use of filters (1994). Green fluorescent protein as a marker for gene expression.
Science 263, 802±805.and varying the particle content of the bullets until the desired den-
sity was achieved. Shooting the tissue several times (up to four) Cline, H.T., Edwards, J.E., Rajan, I., Wu, G.-Y., and Zou, D.-J. (2000).
was also useful to increase the labeling density although it may lead In vivo imaging of CNS neuron development. In Imaging Neurons,
to more injury when working with live tissue. A Laboratory manual, R. Yuste, F. Lanni, and A. Konerth, eds. (Cold
Spring Harbor, NY: Cold Spring Harbor Press), chapter 13.
Imaging of Preparations Craig, A.M., Blackstone, C.D., Huganir, R.L., and Banker, G. (1993).
A Bio-Rad confocal microscope (MRC-1024) was used to image The distribution of glutamate receptors in cultured rat hippocampal
the labeled structures. A long±working distance water immersion neurons: postsynaptic clustering of AMPA-selective subunits. Neu-
objective (603, 0.9 NA) or a 603 1.4 NA oil immersion objective was ron 10, 1055±1068.
used. In preparations labeled in multiple colors, we colorized as Gan, W.-B., and Lichtman, J.W. (1998). Synaptic segregation at the
follows: DiI labeling in red, DiO in green, and DiD in blue. Scanning developing neuromuscular junction. Science 282, 1508±1511.
the specimens either sequentially or simultaneously using the three
Gan, W.-B., and Macagno, E.R. (1995). Interactions between seg-excitation lines in the krypton-argon laser (488 nm for DiO, 568 nm
mental homologues and between isoneuronal branches guide thefor DiI, and 647 nm for DiD) with three separate barrier filter sets
formation of sensory terminal fields. J. Neurosci. 15, 3243±3253.(522 6 35 nm for DiO, 580 6 32 nm for DiI, and 680 6 32 nm for
Gan, W.-B., Bishop, D., Turney, S.G., and Lichtman, J.W. (1999).DiD) gave good separation of the three image planes. A stack of
Vital imaging and ultrastructural analysis of individual axon terminalsimages at 0.5±1.0 mm steps was acquired to generate the data set
labeled by iontophoretic application of lipophilic dye. J. Neurosci.for three-dimensional neuronal structures. Each figure was gener-
Methods 93, 13±20.ated by projecting the stack of images onto a single plane. To
calibrate the colors, we imaged neurons labeled with particles con- Honig, M.G., and Hume, R.I. (1986). Fluorescent carbocyanine dyes
taining equal proportions of DiI, DiO, and DiD and adjusted laser allow living neurons of identified origin to be studied in long-term
power and photodetector gain so that neurons appeared white. cultures. J. Cell Biol. 103, 171±187.
Kirov, S.A., Sorra, K.E., and Harris, K.M. (1999). Slices have more
Imaging for Activity and Dendritic Motility synapses than perfusion-fixed hippocampus from both young and
Embryonic chicks were decapitated and the retinae isolated. Retinal mature rats. J. Neurosci. 19, 2876±2886.
whole mounts were prepared for calcium imaging as described Lichtman, J.W., Wilkinson, R.S., and Rich, M.M. (1985). Multiple
previously (Wong et al., 1998). Briefly, the retinae were loaded with innervation of tonic endplates revealed by activity-dependent up-
fura-2 (Molecular Probes) by incubation for 1 hr in 10 mM fura-2AM take of fluorescent probes. Nature 314, 357±359.
in 0.001% pluronic acid in chick Ringer's solution. Spontaneous and
Liu, D.W., and Westerfield, M. (1990). The formation of terminal
evoked activity was recorded from the fura-loaded retinae main-
fields in the absence of competitive interactions among primary
tained in oxygenated Ringer's solution at 358C using the Biorad
motoneurons in the zebrafish. J. Neurosci. 10, 3947±3959.
Multiphoton system (MRC-1024m). The excitation wavelength was
Lo, D.C., McAllister, A.K., and Katz, L.C. (1994). Neuronal transfec-set at 775 nm. Images of a fura-2-labeled field containing several
tion in brain slices using particle-mediated gene transfer. Neurondye-labeled cells (256 3 256 pixels) were acquired every 3 s before
13, 1263±1268.and during bath application of 100 mM glutamate. Changes in intra-
Lukasiewicz, P.D., and Wong, R.O.L. (1997). GABAc receptors oncellular calcium levels ([Ca21]i ) were detected by changes in the
ferret retinal bipolar cells: A diversity of subtypes in mammals? Vis.intensity of fluorescence (increase in [Ca21]i reported by a decrease
Neurosci. 14, 989±994.in fluorescence). After fura-2 recordings, switching to the confocal
mode of the microscope allowed capture of the morphology of dye- Magrassi, L., Purves, D., and Lichtman, J.W. (1987). Fluorescent
labeled cells within the same field. Switching between two-photon probes that stain living nerve terminals. J. Neurosci. 7, 1207±1214.
and confocal scanning did not alter the position of the labeled cells O'Rourke, N.A., Cline, H.T., and Fraser, S.E. (1994). Rapid remodel-
within the field of view and thus enabled us to align the dye-labeled ing of retinal arbors in the tectum with and without blockade of
cells with fura-2 labeling. synaptic transmission. Neuron 12, 921±934.
To observe dynamic changes in dendritic structure, we obtained
Rose, K., Goldberg, M.P., and Choi, D.W. (1993). Cytotoxicity ina time-lapse movie of dye-labeled processes. Images of the pro-
murine neocortical cell culture. In Methods in Toxicology, Volumecesses were acquired every 5 s, with the confocal aperture set to
1A (New York: Academic Press), pp. 46±60.the fully open position so that processes that moved in and out of
van den Pol, A.N., and Ghosh, P.K. (1998). Selective neuronal ex-focus could be distinguished from those that remained in the focal
pression of green fluorescent protein with cytomegalovirus pro-plane.
moter reveals entire neuronal arbor in transgenic mice. J. Neurosci.
18, 10640±10651.Acknowledgments
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